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(57) ABSTRACT

A semiconductor circuit includes an operational amplifier, a
voltage drop circuit, and a switch. The operational amplifier
has an output terminal connected to an active element that
produces a load drive current. A reference voltage is input to
the non-inverting input of the operational amplifier. The volt-
age drop circuit drops a voltage outputted from the opera-
tional amplifier. The switch applies a voltage corresponding
to a predetermined current flowing when the active element is
on to the inverting input of the operational amplifier in a first
interval in which the active element is on in response to a
predetermined voltage from the operational amplifier. The
switch allows the voltage dropped by the voltage drop circuit
to be input to the inverting input in a second interval in which
the active element is off, thereby shortening a time period

until the load drive current starts to flow.

8 Claims, 11 Drawing Sheets
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1
SEMICONDUCTOR CIRCUIT AND
SEMICONDUCTOR APPARATUS

BACKGROUND

1. Technical Field

The present invention relates to a semiconductor circuit
and a semiconductor apparatus used for supplying a prede-
termined current to a load.

2. Description of Related Art

In recent years, there are increased demands for low power
consumption of a liquid crystal display, and thus an LED
(Light Emitting Diode) has been used in a backlight instead of
a CCFL (Cold Cathode Fluorescent Lamp). Moreover, in
order to suppress average power consumption, so-called
PWM (Pulse Width Modulation) control has been extensively
applied to change a duty ratio of on time to off time by turning
on and off a current flowing through the LED in response to
the brightness of a picture to be displayed or the environment
lightness, and to adjust the luminance of the backlight. In the
PWM control, it is necessary to provide a constant current
circuit with good controllability.

FIG. 1 illustrates an example of a conventional generally
used constant current circuit 102 that supplies a predeter-
mined current to an LED array 100.

The LED array 100 includes a plurality of LEDs 120, to
120,, serially connected to one another. The constant current
circuit 102 includes a switch 104, an operational amplifier
(OP AMP) 106, an N channel MOSFET (Metal Oxide Semi-
conductor Field Effect Transistor) 108, and a resistor 110.

The LED array 100, the MOSFET 108, and the resistor 110
are serially connected to one another. Specifically, one end,
on a cathode terminal side, of the LED array 100 is connected
to the drain terminal of the MOSFET 108, and the other end,
on an anode terminal side, of the LED array 100 is connected
to a power source V. The source terminal of the MOSFET
108 is connected to one end of the resistor 110, and the other
end of the resistor 110 is connected to the ground.

The non-inverting input terminal of the operational ampli-
fier 106 is connected to the switch 104. The switch 104 is
switched to one of a first state of supplying a reference voltage
Vx to the non-inverting input terminal of the operational
amplifier 106, and a second state of connecting the non-
inverting input terminal of the operational amplifier 106 to the
ground, in response to a PWM signal input from outside.

The inverting input terminal of the operational amplifier
106 is connected to a node N between the source terminal of
the MOSFET 108 and the resistor 110, and the output termi-
nal of the operational amplifier 106 is connected to the gate
terminal ofthe MOSFET 108. In addition, the circuit includes
a connection terminal LGO for connecting the output termi-
nal of the operational amplifier 106 to the gate terminal of the
MOSFET 108, and a connection terminal LCM for connect-
ing the inverting input terminal of the operational amplifier
106 to the node N.

In the constant current circuit 102, the MOSFET 108 is
turned on, so that a predetermined current (a driving current
1; zp) flows through the LEDs 120, to 120,,, which are con-
nected to the drain terminal of the MOSFET 108, and the
resistor 110 connected to the source terminal thereof, thereby
turning on the LEDs 120, to 120,

FIG. 2A to FIG. 2E illustrate an example of voltage and
current waveforms of each terminal of the constant current
circuit 102 shown in FIG. 1. Hereinafter, the following con-
ditions are assumed.
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2

Reference voltage V: 0.4V

Driving current I, ., when LEDs 120, to 120, are turned on
(driven): 20 mA

Gate-source voltage when MOSFET 108 is turned on to
allow a driving current I, -, to flow through LED array
100 and resistor 110: 2.1V

Resistance value of resistor 110: 2Q2

In an interval in which the PWM signal is low (L) (refer to
FIG. 2A), the switch 104 enters the second state and the
non-inverting input terminal of the operational amplifier 106
is connected to the ground OV (refer to FIG. 2B). Further-
more, the inverting input terminal of the operational amplifier
106 is connected to the node N. Consequently, an input volt-
age of the inverting input terminal of the operational amplifier
106 and an output voltage (refer to a voltage waveform of the
LGO of FIG. 2C) V, of the operational amplifier 106 are
approximately OV (refer to FIG. 2C and FIG. 2D). Since the
MOSFET 108 is turned off and the current flowing through
the LED array 100 and the resistor 110 is approximately 0 mA
(refer to FIG. 2E), each of the LEDs 120, to 120, of the LED
array 100 is turned off.

In an interval in which the PWM signal is high (H) (refer to
FIG. 2A), the switch 104 enters the first state and the refer-
ence voltage V (0.4 V) is supplied to the non-inverting input
terminal of the operational amplifier 106 (refer to FIG. 2B).
The operational amplifier 106 increases the output voltage V ,
to 2.5V such that the voltage of the inverting input terminal is
0.4V (refer to FIG. 2C). A voltage for turning on the MOS-
FET 108 is applied to the gate terminal from the output
terminal of the operational amplifier 106, so that a current of
20 mA flows through the LED array 100 and the resistor 110
(refer to FIG. 2E), a voltage input to the inverting input
terminal is 0.4 V (refer to FIG. 2D), and the LEDs 120, to
120,, are turned on.

In addition, as a technology related to the constant current
circuit, there has been known an LED driving device includ-
ing a constant current driving circuit provided with a driving
transistor, a plurality of current control transistors, a current
control circuit, and a driving transistor control circuit (for
example, refer to Japanese Patent Application Laid-Open No.
2010-135379). The driving transistor has a drain terminal
connected to a cathode terminal side end of an LED array.
Each of the current control transistors has a gate terminal for
receiving one of a plurality of first current control signals, a
source terminal for receiving a ground voltage, and a drain
terminal connected to a source terminal of the driving tran-
sistor. The current control circuit switches the plurality of first
current control signals, switches the number of current con-
trol transistors in an on state, and controls the amount of a
current flowing through the LED array. The driving transistor
control circuit uses a voltage of the drain terminal of the
current control transistor as a feedback signal, amplifies a
difference voltage between a voltage value of the feedback
signal and a reference voltage such that a change in the
voltage value of the feedback signal is suppressed, and out-
puts the amplified voltage as a gate voltage of a gate terminal
of'the driving transistor, thereby controlling a current driving
ability of the driving transistor to be changed in response to a
current amount controlled by the current control circuit.

Furthermore, there has also been known an LED driving
circuit including an oscillator, an up/down counter, a digital-
to-analog converter, and a transistor (for example, refer to
Japanese Patent Application Laid-Open No. 2009-135138).
The oscillator generates a clock with a desired frequency. The
up/down counter receives the clock from the oscillator, per-
forms a count-up operation in response to the clock when
turning on an LED driving current, and performs a count-
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down operation in response to the clock when turning off the
LED driving current. The digital-to-analog converter con-
verts a digital count value output from the up/down counter
into an analog signal. The transistor is serially connected to an
LED with respect to a direct current power source, and oper-
ates in response to an output signal of the digital-to-analog
converter.

SUMMARY OF THE INVENTION

However, in the conventional constant current circuit, a
variation (AV ,/At) of the output voltage V, of the constant
current circuit with respect to time is limited according to the
characteristics of the operational amplifier 106, resulting in
an increase in a time period tr (refer to the voltage waveform
of FIG. 2C) until the operational amplifier 106 enters a steady
state after the PWM signal is switched from L to H. For
example, when AV /At is 1 V/us, a long time of 2.5 ps is
necessary for a change in the output voltage from 0V to2.5V.

Specifically, the PWM control used in the control of the
constant current circuit is technique for changing a ratio (a
duty ratio) of on time to off time. However, the interval
expressed by the tr is an obscure interval in which it is not
possible to recognize distinction between ON and OFF, and
as the time period tr becomes long, a control error is large. In
this regard, it is necessary to shorten the time period tr if
possible. However, Japanese Patent Application Laid-Open
No. 2010-135379 and Japanese Patent Application Laid-
Open No. 2009-135138, do not contain any description of
measures to solve this problem.

In order to solve the above-described problems, the present
invention provides a semiconductor circuit and a semicon-
ductor apparatus, by which it is possible to reduce a time
period until a predetermined current starts to flow through a
load after the start of switching when an active element con-
nected to the load is switched from OFF to ON and allows the
predetermined current to flow through the load, as compared
with the related art.

A semiconductor circuit, in which a first load is electrically
connected to an active element that is turned on in response to
a predetermined input voltage and allows a predetermined
current for driving the first load to flow, and the predeter-
mined voltage is input to the active element to control driving
of the first load, includes: an operational amplifier that has a
first input terminal for receiving a reference voltage, a second
input terminal, and an output terminal, and outputs a first
voltage from the output terminal such that a voltage input to
the second input terminal approximates to the reference volt-
age input to the first input terminal; a voltage drop circuit
which drops the first voltage, which is output from the output
terminal of the operational amplifier, and generates a second
voltage; and an input switching part which allows a third
voltage corresponding to the predetermined current flowing
when the active element is turned on to be input to the second
input terminal of the operational amplifier in a first interval in
which the active element is turned on by the first voltage
output from the output terminal of the operational amplifier,
and allows the second voltage to be input to the second input
terminal in a second interval in which the active element is
turned off.

A semiconductor device includes: an active element elec-
trically connected to a first load, turned on in response to a
predetermined input voltage, and allowing a predetermined
current for driving the first load to flow; a second load elec-
trically connected to the active element and generating a first
voltage when the predetermined current flows through the
second load; an operational amplifier that has a first input
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4

terminal for receiving a reference voltage, a second input
terminal, and an output terminal, and outputs a second voltage
from the output terminal such that a voltage input to the
second input terminal approximates to the reference voltage
input to the first input terminal; a voltage drop circuit which
drops the second voltage, which is output from the output
terminal of the operational amplifier, and generates a third
voltage; and an input switching part which allows the first
voltage to be input to the second input terminal of the opera-
tional amplifier in a first interval in which the active element
is turned on by the second voltage output from the output
terminal of the operational amplifier, and allows the third
voltage to be input to the second input terminal in a second
interval in which the active element is turned off.

The configurations described above provide an effect in
which, when an active element connected to a load is
switched from OFF to ON and allows a predetermined current
to flow through the load, a time period until the predetermined
current starts to flow through the load after the start of the
switching is reduced, as compared with the related art.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram illustrating an example of a conven-
tional generally used constant current circuit that supplies a
predetermined current to an LED array.

FIGS. 2A to 2E are diagrams illustrating examples of volt-
age and current waveforms of each terminal of the constant
current circuit illustrated in FIG. 1.

FIG. 3 is adiagram illustrating an example of configuration
of'an LED driving system according to a first embodiment.

FIG. 4 is a diagram illustrating an LED driving apparatus
according to the first embodiment, which illustrates a state of
the LED driving apparatus when a PWM signal input from a
pulse width modulation circuit is high (H).

FIG. 5 is a diagram illustrating the LED driving apparatus
according to the first embodiment, which illustrates a state of
the LED driving apparatus when a PWM signal input from a
pulse width modulation circuit is low (L).

FIGS. 6A to 6F are diagrams illustrating examples of volt-
age and current waveforms of each terminal of the constant
current circuit according to the first embodiment.

FIGS. 7A to 7D are diagrams illustrating modification
examples of a voltage drop circuit.

FIGS. 8A to 8C are diagrams illustrating further modifica-
tion examples of the voltage drop circuit.

FIG. 9 is a diagram illustrating an LED driving apparatus
according to a second embodiment, which illustrates a state of
the LED driving apparatus when a PWM signal input from a
pulse width modulation circuit is high (H).

FIG. 10 is a diagram illustrating the LED driving apparatus
according to the second embodiment, which illustrates a state
of'the LED driving apparatus when a PWM signal input from
a pulse width modulation circuit is low (L).

FIGS. 11A to 11F are diagrams illustrating examples of
voltage and current waveforms of each terminal of a constant
current circuit according to the second embodiment.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[First Embodiment]

FIG. 3 illustrates an LED driving system 10 according to
the first embodiment. In the present embodiment, a descrip-
tion will be provided for an example of the LED driving
system 10 that drives an LED used as a backlight of a liquid
crystal display through PWM control. However, the purpose
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of the LED driving system 10 is not limited to the above
example so long as it is a system that drives a load such as an
LED by a predetermined current.

The LED driving system 10 includes an LED driving appa-
ratus 11 having a semiconductor device 12 and an LED array
18, a constant voltage circuit 14, and a pulse width modula-
tion circuit 16.

The LED array 18 is an example of a load driven by a
predetermined current (a driving current I; ), and is config-
ured by serially connecting a plurality of LEDs 50, to 50,, to
one another (refer to FIG. 4). The semiconductor device 12 is
a circuit that controls a current flowing through the LED array
18, and supplies the predetermined current (the driving cur-
rent I, ) to the LED array 18 in the case of turning on
(driving) the LEDs 50, to 50, of the LED array 18. The
constant voltage circuit 14 supplies the semiconductor device
12 with a constant voltage (a reference voltage V) larger than
0 V. The pulse width modulation circuit 16 receives lumi-
nance adjustment information (for example, information
indicating the luminance of an image displayed on a liquid
crystal display or peripheral brightness of the liquid crystal
display) for adjusting the luminance of the LED array 18 from
an external apparatus.

The pulse width modulation circuit 16 changes and modu-
lates a duty ratio of a pulse signal (hereinafter, referred to as
a PWM signal) in response to the received luminance adjust-
ment information, and supplies the modulated PWM signal to
the semiconductor device 12. For example, the pulse width
modulation circuit 16 generates a PWM signal based on the
luminance adjustment information to supply the semiconduc-
tor device 12 with the PWM signal such that the backlight (the
LEDs 50, to 50, is dark when it is dark around the liquid
crystal display and the backlight is bright when it is bright
around the liquid crystal display. Furthermore, for example,
the pulse width modulation circuit 16 generates a PWM sig-
nal based on the luminance adjustment information to supply
the semiconductor device 12 with the PWM signal such that
the backlight is bright when the luminance of an image dis-
played on the liquid crystal display is high (the image is
bright) and the backlight is dark when the luminance is low
(the image is dark). In addition, as the luminance of an image,
average luminance of luminance of each pixel may be used.

FIG. 4 and FIG. 5 illustrate the configuration of the LED
driving apparatus 11. FIG. 4 illustrates a circuit state when the
PWM signal input from the pulse width modulation circuit 16
is high (H), and FIG. 5 illustrates a circuit state when the
PWM signal input from the pulse width modulation circuit 16
is low (L).

The semiconductor device 12 includes an N channe]l MOS-
FET 20 and a resistor 22. The MOSFET 20 is an example of
an active element capable of being turned on when a prede-
termined voltage is input from an operational amplifier 30 to
be described later, and allowing the predetermined current
(the driving current I; .,,) to flow through the LED array 18,
and the resistor 22 is an example of a load capable of gener-
ating a voltage corresponding to the driving current I, ., and
a resistance value through the flowing of the driving current
1; zp»- The MOSFET 20 has a gate terminal as a control input
terminal, and has a drain terminal and a source terminal as a
current output terminal. The LED array 18, the MOSFET 20,
and the resistor 22 are serially connected to one another,
resulting in the formation of a serial circuit.

In more detail, the drain terminal of the MOSFET 20 is
connected to an end portion of a cathode terminal side of the
LED array 18, and an end portion of an anode terminal side of
the LED array 18 is connected to a power source V. The
source terminal of the MOSFET 20 is connected to one end of
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the resistor 22, and the other end of the resistor 22 is con-
nected to the ground. The gate terminal of the MOSFET 20 is
connected to a connection terminal LGO, and a node Na
between the source terminal of the MOSFET 20 and the
resistor 22 is connected to a connection terminal LCM.

In this semiconductor device 12, the MOSFET 20 is turned
on, so that the driving current I, ., flows through the LEDs
50, to 50,, connected to the drain terminal of the MOSFET 20
and the resistor 22 connected to the source terminal thereof,
and thus the LEDs 50, to 50,, are turned on.

The semiconductor device 12 further includes a semicon-
ductor circuit 24 capable of turning on/oft the MOSFET 20 to
control the driving of the LED array 18. The semiconductor
circuit 24 includes the operational amplifier (OP AMP) 30, a
voltage drop circuit 36, a switch 40, and a switch 42. The
switch 40 and the switch 42 are controlled by the PWM signal
that is input from the pulse width modulation circuit 16. In
addition, as the switch 40 and the switch 42, a general semi-
conductor switch may be used.

The operational amplifier 30 has an inverting input termi-
nal, a non-inverting input terminal, and an output terminal.
The constant voltage (the reference voltage V) is supplied to
the non-inverting input terminal of the operational amplifier
30 from the constant voltage circuit 14. The operational
amplifier 30 outputs a voltage from the output terminal such
that a voltage input to the inverting input terminal approxi-
mates to the reference voltage input to the non-inverting input
terminal.

The switch 40 and the gate terminal of the MOSFET 20 are
connected to each other through the connection terminal
LGO. When the PWM signal is high (H), the switch 40 enters
afirst state of connecting the gate terminal of the MOSFET 20
to the output terminal of the operational amplifier 30 (refer to
FIG. 4). Furthermore, when the PWM signal is low (L), the
switch 40 enters a second state of connecting the gate terminal
of'the MOSFET 20 to the ground (referto FIG. 5). In addition,
although not illustrated in the drawings, for example, for
current restriction, a resistor may be provided between the
switch 40 and the gate terminal.

The voltage drop circuit 36 is provided between the output
terminal of the operational amplifier 30 and the inverting
input terminal of the operational amplifier 30. The voltage
drop circuit 36 includes a MOSFET 32 and a resistor 34. The
MOSFET 32 has a drain terminal connected to a power sup-
ply voltage VDD, a gate terminal connected to the output
terminal of the operational amplifier 30, and a source terminal
connected to one end of the resistor 34, and the other end of
the resistor 34 is connected to the ground.

The inverting input terminal of the operational amplifier 30
is provided with the switch 42. When the PWM signal is high
(H), the switch 42 enters a first state of connecting the invert-
ing input terminal of the operational amplifier 30 to the node
Na between the source terminal of the MOSFET 20 and the
resistor 22 (refer to FIG. 4). Furthermore, when the PWM
signal is low (L), the switch 42 enters a second state of
connecting the inverting input terminal of the operational
amplifier 30 to a node Ns between the source terminal of the
MOSFET 32 ofthe voltage drop circuit 36 and the resistor 34
(refer to FIG. 5).

The voltage drop circuit 36, in which the node N is con-
nected to the inverting input terminal of the operational
amplifier 30 when the PWM signal is low (L), is a circuit
capable of dropping the voltage output from the output ter-
minal of the operational amplifier 30.

Even in an interval in which the PWM signal is low (L), a
potential difference between the output terminal and the
inverting input terminal of the operational amplifier 30 is
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generated by the voltage drop circuit 36, so that the output
voltage of the operational amplifier 30 maintains a level
approximate to (in the present embodiment, a level substan-
tially equal to) the level of the output voltage when the PWM
signal is high (H). That is, by the voltage drop circuit 36, a
change in the voltage of each terminal of the operational
amplifier 30 at the time of switching [./H of the PWM signal
is small as compared with the case in which the voltage drop
circuit 36 is not provided. Detailed operations of the voltage
drop circuit 36 will be described later.

FIGS. 6A to 6F are diagrams illustrating examples of volt-
age and current waveforms of each terminal of the semicon-
ductor device 12 illustrated in FIG. 4 and FIG. 5. Hereinafter,
the following conditions are assumed. However, the condi-
tions are examples, and the present invention is not limited
thererto.

Reference voltage V,: 0.4V

Driving current I, -, when LEDs 50, to 50, are turned on

(driven): 20 mA

Gate-source voltage V., when MOSFET 32 is turned on

and allows driving current [, -, to flow: 2.1V
Resistance value of resistor 22: 22
Current flowing through voltage drop circuit 36 when
MOSFET 32 is turned on: 20 pA

Gate-source voltage V, ., when MOSFET 32 is turned on
and thus current flows through voltage drop circuit 36:
20V

Resistance value of resistor 34: 2 kQ

Voltage drop (a potential difference) occurring due to the
voltage drop circuit 36 is V,,. In addition, in the present
embodiment, the semiconductor device 12 is configured such
that the difference between V,,, and V_, is smaller than a
predetermined value. It is preferable that the difference
between V,,, and V_, approximates to 0. Hereinafter, a
description will be provided for an example in which the
difference between 'V, and 'V, is 0.1 V.

When the PWM signal is switched from low (L) to high (H)
(refer to FIG. 6A), the switch 40 enters the first state, so that
the output terminal of the operational amplifier 30 is con-
nected to the gate terminal of the MOSFET 20 as shown in
FIG. 4. Furthermore, since the switch 42 enters the first state,
the inverting input terminal of the operational amplifier 30 is
connected to the node Na. Furthermore, the reference voltage
V (0.4V)is continuously supplied to the non-inverting input
terminal of the operational amplifier 30 (refer to FIG. 6B).
The operational amplifier 30 increases the voltage V ,, which
is output from the output terminal thereof, t0 2.5V (Vg+V )
such that the voltage of the inverting input terminal is 0.4 V
(refer to FIG. 6C). A voltage for turning on the MOSFET 32
is applied from the output terminal of the operational ampli-
fier 30 to the gate terminal of the MOSFET 32 (refer to FIG.
6D), so that a current of 20 mA flows through the LED array
18 and the resistor 22 (refer to FIG. 6F), a voltage input to the
inverting input terminal of the operational amplifier 30 is 0.4
V (refer to FIG. 6E), and thus the LEDs 50, to 50,, are turned
on.

When the PWM signal is switched from high (H) to low (L)
(refer to FIG. 6A), the switch 40 enters the second state, so
that the output terminal of the operational amplifier 30 is
disconnected to the gate terminal of the MOSFET 20 as
illustrated in FIG. 5 (refer to FIG. 6D). Since the gate terminal
of'the MOSFET 20 is connected to the ground, the MOSFET
20 is turned off, and the current flowing through the LED
array 18 and the resistor 22 becomes approximately 0 mA
(refer to FIG. 6F), each of the LEDs 50, to 50,, of the LED
array 18 is turned off.
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Meanwhile, even in the interval in which the PWM signal
is low (L), since the constant voltage output operation of the
constant voltage circuit 14 is continued, the reference voltage
V is continuously supplied to the non-inverting input termi-
nal of the operational amplifier 30 (refer to FIG. 6B). Further-
more, since the switch 42 enters the second state, the inverting
input terminal of the operational amplifier 30 is connected to
avoltage output part (the node Ns) of the voltage drop circuit
36. A voltage for turning on the MOSFET 32 is applied from
the output terminal of the operational amplifier 30 to the gate
terminal of the MOSFET 32, so that a current of 20 pA flows
through the voltage drop circuit 36, voltage drop occurs, and
thus a voltage corresponding to the reference voltage Vj is
generated at the node Ns between the MOSFET 32 and the
resistor 34. Consequently, the voltage 0f 0.4 V corresponding
to the reference voltage V is continuously input to the invert-
ing input terminal of the operational amplifier 30 connected
to the node Ns (refer to FIG. 6E). The output voltage of the
operational amplifier 30 is avoltage Vz+V ., (2.4 V) obtained
by adding the gate-source voltage V, to the reference volt-
age V; (refer to FIG. 6C).

As described above, even in the interval in which the PWM
signal is low (L), the voltage drop circuit 36 is provided to
generate the potential difference (the voltage drop) between
the output terminal and the inverting input terminal of the
operational amplifier 30, so that there is no large difference
between the output voltage in the interval in which the PWM
signal is high (H) and the output voltage in the interval in
which the PWM signal is low (L.). Consequently, as illustrated
in FIG. 6C, it is possible to shorten the time period tr until the
operational amplifier 30 reaches a steady state after the PWM
signal is switched from low (L) to high (H).

This effect will be further described in detail. In the con-
ventional configuration, as illustrated in FIG. 2C, when the
PWM signal is switched from low (L) to high (H), a time
period is required until the output voltage of the operational
amplifier 30 changes from 0V to V4V, (2.5V inthe above
example).

Meanwhile, in the configuration of the embodiment, the
output of the operational amplifier 30 corresponds to a varia-
tion IV, =V, ., (0.1 V in the above example) from V z+V,

51 s1
to VR+€7g52. This variation is sufficiently small as comparged
with the conventional example.

Furthermore, for example, when 'V, is setto 2.1V, V., is
set 10 2.0 V, and AV /AV| is set to 1 V/us, since the time
period tr until the operational amplifier 30 reaches the steady
state after the switching of the PWM signal from [ to H1is 0.1
us, the time period tr is significantly shortened as compared
with the conventional example. That is, according to the
present embodiment, when the MOSFET 20 is switched from
OFF to ON, it is possible to shorten a time period until the
driving current I, ., (20 mA in the above example) starts to
flow through the LED array 18 and the resistor 22 after the
start of the switching, as compared with the conventional art.

As described above, according to the configuration, it is
possible to shorten the time period required for a change in the
output of the operational amplifier 30, and further to allow the
entire semiconductor device 12 to operate at high speed.

Moreover, in the conventional constant current circuit,
since it is necessary to configure the operational amplifier 106
such that 0 V is input to the non-inverting input terminal and
the inverting input terminal, design or selection of the opera-
tional amplifier 106 is significantly limited. However, in the
present embodiment, even in the interval in which the PWM
signal is low (L), since an input voltage to the inverting input
terminal and the non-inverting input terminal of the opera-
tional amplifier 30 is larger than O V, limitation of design or
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selection of the operational amplifier 30 is reduced as com-
pared with the conventional art.

In addition, in the example, even in the interval in which the
PWM signal is high (H), since the drain terminal of the
MOSFET 32 maintains a connection to the output terminal of
the operational amplifier 30, input capacitance of the MOS-
FET 32 serves as a load for the operational amplifier 30.
However, in the interval in which the PWM signal is high (H),
the voltage drop circuit 36 does not exists in a path for feed-
backing a current or a voltage to the operational amplifier 30,
and further allows load capacitance of the MOSFET 32 to be
very smaller than load capacitance of the MOSFET 20 and
allows the current (20 pA in the above example) flowing
through the voltage drop circuit 36 to be small and ignorable
as compared with the driving current I, ., as described above,
thereby having no significant influence on the entire opera-
tion of the semiconductor device 12. Furthermore, in the
interval in which the PWM signal is high (H), a switch may be
provided to electrically disconnect a connection between the
voltage drop circuit 36 and the output terminal of the opera-
tional amplifier 30.

Furthermore, the example has a configuration in which the
switch 40 is provided to the output terminal of the operational
amplifier 30 and allows the gate-source voltage of the MOS-
FET 20 to be 0V when the PWM signal is switched from high
(H) to low (L). This configuration is preferable because in the
interval in which the PWM signal is low (L), no current flows
through the LEDs 50, to 50,, so that the LEDs 50, to 50,, can
be apparently turned off. Meanwhile, in the interval in which
the PWM signal is low (L), the voltage output from the
operational amplifier 30 turns on the MOSFET 32. However,
if the voltage output from the operational amplifier 30 has a
level insufficient for turning on the MOSFET 20 (for
example, V,_,+V is set to be lower than a threshold voltage
of'the MOSFET 20), it may be possible to provide a configu-
ration in which the gate terminal of the MOSFET 20 is always
connected to the output terminal of the operational amplifier
30, without providing the switch 40.

In addition, at the time of switching of the switch 40 and the
switch 42, fluctuation may occur in the inverting input voltage
of the operational amplifier 30. However, since the occur-
rence time is very short and it has no influence on the opera-
tion of the operational amplifier 30, it is not illustrated in FIG.
6E.

Furthermore, the embodiment has described an example in
which the voltage drop circuit 36 is configured using the
MOSFET 32 and the resistor 34. However, the present inven-
tion is not limited thereto.

For example, as illustrated in FIG. 7A, the voltage drop
circuit may be configured by serially connecting two resistors
60 and 62 to each other. One end of the resistor 60 is con-
nected to the output terminal of the operational amplifier 30
and the other end of the resistor 60 is connected to one end of
the resistor 62. The other end of the resistor 62 is connected to
the ground. A node Ns between the resistor 60 and the resistor
62 is connected to the inverting input terminal of the opera-
tional amplifier 30 through the switch 42.

According to this voltage drop circuit, voltage drop (a
potential difference) occurs due to voltage division by the two
resistors. When a resistance value of the resistor 60 is set to
R1, a resistance value of the resistor 62 is set to R2, and the
output voltage of the operational amplifier 30 issettoV_,,, the
potential difference AV may be expressed by the following
Equation.

AV=V,, *R1/(R1+R2)
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Furthermore, for example, as illustrated in FIG. 7B, the
voltage drop circuit may be configured by serially connecting
a resistor 64 and a constant current source 66 to each other.
One end of the resistor 64 is connected to the output terminal
of'the operational amplifier 30 and the other end of the resistor
64 is connected to the constant current source 66. A node Ns
between the resistor 64 and the constant current source 66 is
connected to the inverting input terminal of the operational
amplifier 30 through the switch 42.

According to this voltage drop circuit, a desired potential
difference is generated by a current value generated by the
constant current source 66 and a resistance value of the resis-
tor 64. When the resistance value of the resistor 64 is set to R3
and the current value of the constant current source 66 is set to
1o, the potential difference AV may be expressed by the
following Equation.

AV=R3*I,

By the constant current source 66, it is possible to provide
an approximately constant current, so that it is possible to
generate an approximately constant potential difference (an
approximately ideal potential difference) during an opera-
tion, and thus controllability is excellent as compared with the
configuration of FIG. 7A.

Furthermore, for example, as illustrated in FIG. 7C, the
voltage drop circuit may be configured by serially connecting
a diode 68 and a resistor 70 to each other. The anode of the
diode 68 is connected to the output terminal of the operational
amplifier 30 and the cathode of the diode 68 is connected to
one end of the resistor 70. The other end of the resistor 70 is
connected to the ground. A node Ns between the diode 68 and
the resistor 70 is connected to the inverting input terminal of
the operational amplifier 30 through the switch 42. In the case
in which a forward voltage applied to the diode 68 when a
current flows through the voltage drop circuit is set to V., the
potential difference AV may be expressed by the following
Equation.

AV=Vg

In this voltage drop circuit, the potential difference AV is
approximately equal to the forward voltage V- applied to the
diode 68.

Furthermore, for example, as illustrated in FIG. 7D, the
voltage drop circuit may be configured by serially connecting
a diode 72 and a constant current source 74 to each other. The
anode of the diode 72 is connected to the output terminal of
the operational amplifier 30 and the cathode of the diode 72 is
connected to the constant current source 74. A node Ns
between the diode 72 and the constant current source 74 is
connected to the inverting input terminal of the operational
amplifier 30 through the switch 42.

According to this voltage drop circuit, by the constant
current source 74, it is possible to provide an approximately
constant current, so that it is possible to generate an approxi-
mately constant potential difference (an approximately ideal
potential difference) during the operation, and thus control-
lability is excellent as compared with the configuration of
FIG. 7C.

Furthermore, for example, as illustrated in FIG. 8A, the
voltage drop circuit may be configured by serially connecting
an N channel bipolar transistor 76 and a resistor 78 to each
other. The collector terminal of the bipolar transistor 76 is
connected to a power supply voltage VDD, the base terminal
of'the bipolar transistor 76 is connected to the output terminal
of'the operational amplifier 30, and the emitter terminal of the
bipolar transistor 76 is connected to one end of the resistor 78.
The other end of the resistor 78 is connected to the ground. A
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node Ns between the bipolar transistor 76 and the resistor 78
is connected to the inverting input terminal of the operational
amplifier 30 through the switch 42. In the case in which a
base-emitter voltage when the bipolar transistor 76 is turned
on and allows a current to flow through the voltage drop
circuit is set to V,,, the potential difference AV may be
expressed by the following Equation.

AV=V,,

In this voltage drop circuit, the potential difference AV is
approximately equal to the base-emitter voltage V,, of the
bipolar transistor 76.

Furthermore, for example, as illustrated in FIG. 8B, the
voltage drop circuit may be configured by serially connecting
an N channel bipolar transistor 80 and a constant current
source 82 to each other. The collector terminal of the bipolar
transistor 80 is connected to a power supply voltage VDD, the
base terminal of the bipolar transistor 80 is connected to the
output terminal of the operational amplifier 30, and the emit-
ter terminal of the bipolar transistor 80 is connected to the
constant current source 82. A node Ns between the bipolar
transistor 80 and the constant current source 82 is connected
to the inverting input terminal of the operational amplifier 30
through the switch 42.

According to this voltage drop circuit, by the constant
current source 82, it is possible to provide an approximately
constant current, so that it is possible to generate an approxi-
mately constant potential difference (an approximately ideal
potential difference) during an operation, and thus controlla-
bility is excellent as compared with the configuration of FIG.
8A.

Furthermore, for example, as illustrated in FIG. 8C, the
voltage drop circuit may be configured by serially connecting
an N channel MOSFET 84 and a constant current source 86 to
each other. The drain terminal of the MOSFET 84 is con-
nected to a power supply voltage VDD, the gate terminal of
the MOSFET 84 is connected to the output terminal of the
operational amplifier 30, and the source terminal of the MOS-
FET 84 is connected to the constant current source 86. A node
Ns between the MOSFET 84 and the constant current source
86 is connected to the inverting input terminal of the opera-
tional amplifier 30 through the switch 42.

In the case in which a gate-source voltage when the MOS-
FET 84 is turned on and allows a current to flow through the
voltage drop circuit is set to V, the potential difference AV
may be expressed by the following Equation.

AVaVy

According to this voltage drop circuit, by the constant
current source 86, it is possible to provide an approximately
constant current, so that it is possible to generate an approxi-
mately constant potential difference (an approximately ideal
potential difference) during an operation, and thus controlla-
bility is excellent as compared with the configuration of the
voltage drop circuit 36 illustrated in FIG. 4 and FIG. 5.

It is preferable that the potential difference generated by
each voltage drop circuit as described above approximates to
V1 - However, if the difference between the potential differ-
ence and V,, of the MOSFET 20 is smaller than a predeter-
mined value (is larger than 0 V and smaller than V,), it is
possible to shorten the time period tr as compared with the
conventional example.

Of course, in accordance with the gate-source voltage V,
of'the MOSFET 20, multiple connections of one of the afore-
mentioned voltage drop circuits may be used as one voltage
drop circuit, or a combination of the various types of voltage
drop circuits may be used as one voltage drop circuit.
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So far, among the devices constituting the semiconductor
device 12, the MOSFET 20 has been described as an example
of'an active element that is connected to an end portion of the
cathode side of the LED array 18 and supplies a predeter-
mined current to the LED array 18 when the active element is
turned on. However, the active element is not limited thereto.
For example, it is of course that a JFET (junction FET) or a
bipolar transistor may be used as the active element.

[Second Embodiment]

Next, an LED driving system of a second embodiment will
be described. Since the LED driving system of the second
embodiment has substantially the same configuration as the
configuration illustrated in FIG. 3, except for the configura-
tion of the constant current circuit included in the LED driv-
ing system of the first embodiment, the LED driving system
of the second embodiment is not illustrated and a constant
current circuit 13 according to the second embodiment will be
described in detail.

FIG. 9 and FIG. 10 illustrate the configuration of an LED
driving apparatus including the semiconductor device 13
according to the second embodiment. FIG. 9 illustrates a
circuit state when a PWM signal input from a pulse width
modulation circuit 16 is high (H) and FIG. 10 illustrates a
circuit state when the PWM signal input from the pulse width
modulation circuit 16 is low (L).

Hereinafter, in FIG. 9 and FIG. 10, the same reference
numerals are used to designate to the same or equivalent parts
asthose of FIG. 4 and FIG. 5, and a description thereof will be
omitted.

The semiconductor device 13 includes a semiconductor
circuit 25 that controls a MOSFET 20. The semiconductor
circuit 25 includes an operational amplifier 30, a switch 90,
and a switch 92. The switch 90 and the switch 92 are con-
trolled by the PWM signal that is input from the pulse width
modulation circuit 16. In addition, as the switch 90 and the
switch 92, a general semiconductor switch may be used.

The switch 90 and a gate terminal of the MOSFET 20 are
connected to each other through a connection terminal LGO.
When the PWM signal is high (H), the switch 90 enters a first
state of connecting the gate terminal of the MOSFET 20 to an
output terminal of the operational amplifier 30 (refer to FIG.
9). Furthermore, when the PWM signal is low (L), the switch
90 enters a second state of connecting the gate terminal of the
MOSFET 20 to the ground (refer to FIG. 10). In addition,
although not illustrated in the drawings, for example, for
current restriction, a resistor may be provided between the
switch 90 and the gate terminal.

A reference voltage V, is supplied to a non-inverting input
terminal of the operational amplifier 30 from a constant volt-
age circuit 14. The operational amplifier 30 is provided with
an inverting input terminal thereof with the switch 92. When
the PWM signal is high (H), the switch 92 enters a first state
of connecting the inverting input terminal of the operational
amplifier 30 to a node Na between a source terminal of the
MOSFET 20 and a resistor 22 (refer to FIG. 9). Furthermore,
when the PWM signal is low (L), the switch 92 enters a
second state of connecting the inverting input terminal of the
operational amplifier 30 to the output terminal of the opera-
tional amplifier 30 (refer to FIG. 10).

FIGS. 11A to 11F are diagrams illustrating examples of
voltage and current waveforms of each terminal of the semi-
conductor device 13 illustrated in FIG. 9 and FIG. 10. Here-
inafter, the followings conditions are assumed. However, the
conditions are an example, and the present invention is not
limited thererto.
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Reference voltage V: 0.4V
Driving current I, ., when LEDs 50, to 50, are turned on
(driven): 20 mA

Gate-source voltage V,;; when MOSFET 20 is turned on

and allows driving current [, -, to flow: 2.1V

Resistance value of resistor 22: 22

When the PWM signal is switched from low (L) to high (H)
(refer to FIG. 11A), the switch 90 enters the first state, so that
the output terminal of the operational amplifier 30 is con-
nected to the gate terminal of the MOSFET 20 as illustrated in
FIG. 9. Furthermore, since the switch 92 enters the first state,
the inverting input terminal of the operational amplifier 30 is
connected to the node Na. Furthermore, the reference voltage
V(0.4V)is continuously supplied to the non-inverting input
terminal of the operational amplifier 30 (refer to FIG. 11B).
The operational amplifier 30 increases a voltage V ,, which is
output from the output terminal thereof, to 2.5 v (Vg+V, )
such that the voltage of the inverting input terminal is 0.4 V
(referto FIG. 11C). A voltage for turning on the MOSFET 20
is applied from the output terminal of the operational ampli-
fier 30 to the gate terminal of the MOSFET 20 (refer to FIG.
11D), so that a current of 20 mA flows through an LED array
18 (refer to FIG. 11F), a voltage input to the inverting input
terminal of the operational amplifier 30 is 0.4 V (refer to F1G.
11E), and thus the LEDs 50, to 50,, are turned on.

When the PWM signal is switched from high (H) to low (L)
(refer to FIG. 11A), the switch 90 enters the second state, so
that the output terminal of the operational amplifier 30 is
disconnected to the gate terminal of the MOSFET 20 as
illustrated in FIG. 10 (refer to FIG. 11D). Since the gate
terminal of the MOSFET 20 is connected to the ground, the
MOSFET 20 is turned off, and the LED current is approxi-
mately 0 mA (refer to FIG. 11F), each of the LEDs 50, to 50,
of the LED array 18 is turned off.

Meanwhile, even in the interval in which the PWM signal
is low (L), since the constant voltage output operation of a
constant voltage circuit 14 is continued, the reference voltage
V (0.4V)is continuously supplied to the non-inverting input
terminal of the operational amplifier 30 (refer to FIG. 11B).
Furthermore, since the switch 92 enters the second state, the
inverting input terminal of the operational amplifier 30 is
connected to the output terminal of the operational amplifier
30. In this way, the operational amplifier 30 has a configura-
tion of an amplifier (a voltage follower) of gain 1, so that the
voltage output from the output terminal of the operational
amplifier 30 and the voltage input to the inverting input ter-
minal of the operational amplifier 30 are 0.4 V (refer to FIG.
11C and FIG. 11F).

As described above, even in the interval in which the PWM
signal is low (L), the reference voltage V is input to the
non-inverting input terminal of the operational amplifier 30
and a voltage corresponding to the reference voltage V is
input to the inverting input terminal thereof. Consequently, it
is not necessary to configure the operational amplifier 30 such
that 0V is input, so that limitation of design or selection of the
operational amplifier 30 is reduced. The input voltage to each
terminal is not significantly changed as compared with the
conventional example, so that the operation of the operational
amplifier 30 is stabilized. Moreover, the output voltage of the
operational amplifier 30 is changed from V. (0.4 V) to
Vz+V ., (2.5V), so that it is possible to shorten the time
period tr required for the change (refer to FIG. 11C), as
compared with the conventional example (refer to FIG. 1 and
FIG. 2C) in which the output voltage is changed from 0V to
Vg+Vg (2.5V). That is, according to the present embodi-
ment, when the MOSFET 20 is switched from OFF to ON, it
is possible to shorten a time period until the driving current
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1; zp» (20 mA in the above example) starts to flow through the
LED array 18 and a resistor 22 after the start of the switching,
as compared with the related art.

So far, among the devices constituting the semiconductor
device 13, the MOSFET 20 has been described as an example
of'an active element that is connected to an end portion of the
cathode side of the LED array 18 and supplies a predeter-
mined current to the LED array 18 when the active element is
turned on. However, the active element is not limited thereto.
For example, it is of course that a JFET (junction FET) or a
bipolar transistor may be used as the active element.

Furthermore, the first embodiment and the second embodi-
ment have been explained by describing examples of the
semiconductor device for supplying a predetermined current
to the LED array. However, a load driven by the predeter-
mined current is not limited to the LED. For example, various
light emitting elements such as organic ELs may be used as
the load. Furthermore, the above example may be applied to
a device for supplying a predetermined current to a light
emitting element such as an LED or an organic EL, which is
used in an illumination device, instead of an LED serving as
a backlight of a liquid crystal display.

This application is based on Japanese Patent Application
No. 2012-096552 which is herein incorporated by reference.

What is claimed is:

1. A semiconductor circuit that controls driving of a first
load, the semiconductor circuit comprising:

an operational amplifier that includes a first input terminal,

a second input terminal, and an output terminal, and that
outputs a first voltage from the output terminal;

a voltage drop circuit which drops the first voltage and

generates a second voltage; and

an input switching part configured to input a third voltage

to the second input terminal during a first interval in
which an active element is turned on by the first voltage,
and to input the second voltage to the second input
terminal during a second interval in which the active
element is turned off.

2. The semiconductor circuit of claim 1, wherein the active
element is turned on in response to a predetermined input
voltage and allows a predetermined current for driving the
first load to flow.

3. The semiconductor circuit of claim 1, wherein the opera-
tional amplifier outputs the first voltage from the output ter-
minal such that a voltage input to the second input terminal
approximates a voltage input to the first input terminal.

4. The semiconductor circuit of claim 1, wherein the third
voltage corresponds to a voltage at the active element that is
responsive to a predetermined current flowing when the
active element is turned on.

5. The semiconductor circuit of claim 1, wherein the active
element includes a control terminal, a first terminal connected
to the first load, and a second terminal connected to a second
load, and is configured such that a difference between a volt-
age dropped by the voltage drop circuit and a voltage between
the control terminal and the second terminal is smaller than a
predetermined value when the active element is turned on and
allows a predetermined current to be output to the first load
and the second load.

6. The semiconductor circuit of claim 5, wherein the first
load includes a light emitting element.

7. The semiconductor circuit of claim 1, wherein the first
load includes a light emitting element.
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8. A semiconductor device comprising:

an active element electrically connected to a first load, the
active element turned on in response to a predetermined
input voltage and allowing a predetermined current for
driving the first load to flow; 5

a second load electrically connected to the active element
and generating a first voltage when the predetermined
current flows through the second load;

an operational amplifier that includes a first input terminal
for receiving a reference voltage, a second input termi- 10
nal, and an output terminal, and that outputs a second
voltage from the output terminal such that a voltage
input to the second input terminal approximates the ref-
erence voltage input to the first input terminal;

a voltage drop circuit which drops the second voltage, 15
which is output from the output terminal of the opera-
tional amplifier, and generates a third voltage; and

an input switching part configured to input the first voltage
to be input to the second input terminal of the operational
amplifier during a first interval in which the active ele- 20
ment is turned on by the second voltage output from the
output terminal of the operational amplifier, and to input
the third voltage to the second input terminal in a second
interval during which the active element is turned off.

#* #* #* #* #* 25



